We present the results from a computer simulation of the gravitational collapse of a 1:17M iron core extracted from a Nomoto{Hashimoto 13M presupernova star. The results are obtained with a Newtonian gravity, O(v=c) Lagrangian hydrodynamics code coupled to an O(v=c) Boltzmann solver for the neutrino transport. We include electron capture on nuclei and free protons and electron-neutrino absorption on nuclei and free neutrons. We also include conservative scattering of electron-neutrinos on free protons and neutrons and conservative coherent scattering of electron-neutrinos on nuclei. We use the Baron{Cooperstein 
Stars with mass M 10M evolve to an onionlike con guration, having an iron core surrounded by shells of successively lighter elements. Pressure support for the iron core is dominated by the electrons, which are relativistic and degenerate. As evolution drives the core to higher densities and temperatures, a point is reached where the iron nuclei begin to dissociate thermally to lighter nuclei. Because the total entropy is unchanged in this process, there is a transfer of entropy from the electrons to the nucleons (Cooperstein and Baron 1990) . This reduces the small but important thermal component of the electron pressure. At the same time, electron capture on free protons and protons bound in nuclei reduces the electron pressure even further by removing electrons from the core. The result of both thermal dissociation and electron capture is that the core su ers a pressure de cit and begins to collapse.
As the collapse proceeds, the electron chemical potential increases with density. This increases the electron capture rate on free protons and protons bound in nuclei, which in turn accelerates the collapse. Initially the electron-neutrinos generated by electron capture escape from the core and the core is neutronized. However, at high enough densities (> 6 10 11 { 1 10 12 gcm ?3 ) the neutrino mean free paths become small enough for the neutrinos to become trapped in the infalling matter (Sato 1975; Mazurek 1975) . Neutrino trapping causes the concentration of neutrinos to build up in the core. As a result, net neutronization of the core eventually ceases as electron-neutrino absorption on nuclei and free protons equilibrates with electron capture. Prior to trapping, the nuclei become su ciently neutron rich to undergo neutron drip. The free neutrons produced by neutron drip constitute a nondegenerate, nonrelativistic gas and hence provide a sti contribution to the pressure. If extensive neutron drip occurred, the nonrelativistic neutrons would dominate the pressure and would give rise to a low-density bounce, halting the collapse before nuclear densities (2 10 14 gcm ?3 ) were reached (Burrows 1990 ). Because of neutrino trapping, this does not occur. The pressure remains dominated by the soft relativistic electrons, and the collapse proceeds beyond nuclear densities until the nuclei merge to form a sti free nucleon gas, giving rise to a high-density bounce.
Both analytic and numerical investigations show that a sonic point forms during the collapse, separating the core into an \inner" core and an \outer" core (Yahil 1983; Arnett 1977) . Inside the sonic point the core collapses subsonically and homologously. Outside the sonic point it collapses supersonically with a free-fall{like velocity pro le. At bounce, pressure waves generated at the center of the core propagate outward through the inner core and steepen to form a shock at the sonic point. The position of the sonic point is vital to the energetics and dynamics of the outward-propagating shock, which will ultimately be responsible for turning around and ejecting the outer infalling layers of the star. Because the shock loses energy as it propagates through the outer iron core by dissociating iron nuclei, a smaller outer core results in less dissociation loss and a stronger shock. Furthermore, a larger inner core imparts more initial energy to the shock at bounce. Detailed numerical simulations of the radiation hydrodynamics of the collapsing core that incorporate Newtonian or general relativistic hydrodynamics coupled with multigroup ux-limited di usion for the neutrino transport (Bruenn 1985 (Bruenn , 1988 Myra et al. 1987) show that the position of the sonic point is extremely sensitive to both the number and the energy of the neutrinos lost by the infalling core and therefore to the microphysics and the neutrino transport algorithm used in the numerical simulation.
Because of dissociation losses, the shock is typically not energetic enough to successfully propagate out of the iron core and explosively eject the rest of the star. Instead it stalls and becomes an accretion shock. However, Wilson (as reported in Bethe and Wilson 1985) demonstrated that the shock can be revived through electron-neutrino (antineutrino) absorption on neutrons (protons) behind the shock that result when the shock dissociates the iron nuclei as the infalling matter passes through it. Although this is the dominant neutrino heating mechanism, additional heating comes from neutrino scattering on electrons and positrons. The neutrinos emerge from the core and from material accreting onto the core. Wilson found that the shock in his simulation was revived at approximately 0:5 seconds after bounce, although he also found that in his simulation the explosion energy was low, 0:4 10 51 ergs. This is to be contrasted with the observed value for SN1987A, which is 1:4 10 51 ergs. Shock revival must be initiated by the deposition of enough energy in the postshock material to arrest its inward motion and to get the shock moving outward again. Once this has occurred, the postshock material is in a position to absorb the additional energy needed to produce a supernova with the observed energy of 1 10 51 ergs. It is still not clear how shock revival is initiated. If neutrinos from the core are mainly responsible, the mechanism may be sensitive to various corrections to the neutrino opacities in the highdensity core and to convection below the neutrinosphere. If the neutrinos produced by the infalling material accreting onto the protoneutron star are mainly responsible, neutrino bursts resulting from accretion instabilities may be important. In either case the neutrino ow through the postshock material where the signi cant energy deposition occurs must be accurately computed.
If shock revival occurs, a \radiation bubble," i.e., a region of very high entropy and very low density, forms between the neutrinospheres and the shock. At the neutrinospheres a density \cli " is established, i.e., a narrow region where the density drops precipitously from about 10 12 gcm ?3 to about 10 6 gcm ?3 . The presence of this density cli is essential to a proposal that neutrino-antineutrino pair annihilation supplies additional energy to the shock. Goodman et al. (1987) proposed that the annihilation of neutrino pairs of all three avors at their neutrinospheres may provide additional energy to the shock by depositing energy in the form of electron-positron pairs into the bubble. Because of the large density gradient at the edge of the cli , neutrino-antineutrino pairs emerge quasi-isotropically, and the probability of neutrino-antineutrino annihilation, which is most likely for head-on collisions, is increased. In addition, the cli ensures that the neutrinospheres of all three neutrino avors are almost coincident; therefore the energy deposited by mu and tau neutrino-antineutrino annihilation is not immediately reradiated by electron-type neutrinos and antineutrinos via electron and positron capture on protons and neutrons or by electron-positron annihilation. The mu and tau neutrinospheres are at higher densities (smaller radii) than the electron neutrinosphere. Mu and tau neutrinos decouple at higher densities because they undergo only neutral current interactions, whereas the electron neutrinos undergo neutral and charged current interactions.
The Goodman{Dar{Nussinov mechanism has come under scrutiny by Cooperstein et al. (1987) , and whereas Mayle and Wilson (1991) nd that neutrino-antineutrino annihilation supplies signi cant energy to the shock, recently Janka (1991), using Monte Carlo methods to treat the neutrino transport, considered the energy deposition from neutrino-antineutrino annihilation using Mayle and Wilson's pro les and found that, because of limb darkening, the e ciency for energy deposition would be reduced by a factor of 2 to 3 from the 0:3 percent obtained by Goodman, Dar, and Nussinov. This e ect was anticipated by the latter authors.
Thus the essential problem of obtaining explosions consistent with observations remains. At the root of the problem is the energy loss behind the shock due to neutrino cooling. Energy gained by the matter via neutrino absorption on nucleons is immediately reradiated in neutrinos. It has now been proposed that convection may be the solution to this problem.
An entropy maximum may form in the region behind the shock. The entropy in this region is increased by neutrino absorption on nucleons. Whether or not a maximum forms depends on the neutrino absorption and emission, which in turn depend on the density and temperature distributions (Herant et al. 1992 ) and on the neutrino transport. If an entropy maximum forms, a negative entropy gradient will exist between the entropy maximum and the shock. Thus the Schwarzschild criterion for the onset of convective instabilities will be satis ed and convection will occur in this region. The matter between the entropy maximum and the shock is heated predominantly by neutrino absorption on nucleons and cooled predominantly by neutrino emission via electron and positron capture on nucleons. Convection would minimize the cooling losses by transporting the matter to the shock. In transport, the matter temperature would decrease and so would the cooling losses, which depend on the sixth power of the temperature. Whereas Bethe (1991) has invoked microconvection, multidimensional simulations by Herant et al. (1992) indicate that macroconvection (i.e., low-mode, large-scale circulation patterns) may be the dominant form of convection.
From the preceding discussion it is clear that neutrino transport plays a major role in the explosion mechanism for type II supernovae. Whether or not the shock is revived by neutrino absorption, whether or not a radiation-pressure{dominated bubble forms between the neutrinospheres and the shock, whether or not an entropy maximum forms in the bubble, the location of the entropy maximum, and the magnitude of the entropy gradient between the entropy maximum and the shock, which in turn a ects the convection, will all depend on the neutrino transport in the region behind the shock.
Various approximations have been made in the treatment of neutrino transport in the numerical simulations that have been carried out to date. To mention a few, Wilson (1971) used a general relativistic Boltzmann equation but treated absorption and emission as well as scattering in terms of an opacity function. Bowers and Wilson (1982) and Myra et al. (1987) used multigroup ux-limited di usion and treated neutrino-electron scattering using a Fokker{Planck approximation. Bruenn (1985) used multigroup ux-limited di usion but computed neutrino-electron scattering directly. Furthermore, all multigroup ux-limited di usion schemes use only the zeroth and rst moments of the scattering kernels. This is to be contrasted with the Boltzmann equation, in which the accuracy of the scattering computations is limited only by the number of points chosen for the angular grid. Since this number is variable, convergence testing can be carried out by increasing or decreasing it. Until now there have been no numerical simulations of core collapse that implement the neutrino Boltzmann equation with no approximation to the neutrino scattering. Whereas it was impossible to do this in the past because of limitations in computer memory and speed, it is now possible on current supercomputers to solve the neutrino Boltzmann equation selfconsistently with the core hydrodynamics. We have accomplished this and report our results in this paper. We present our results together with the results obtained with Bruenn's multigroup ux-limited di usion code. Hence we are also able to make an accurate and unambiguous assessment of the validity of multigroup ux-limited di usion for core infall. We believe our results also have implications for the late-time evolution.
This paper is the rst in a series of papers that will ultimately include neutrino-electron scattering (Mezzacappa and Bruenn 1992b) , general relativity, and six neutrino avors. In this paper we consider the Newtonian gravity, O(v/c) hydrodynamics limit. We include electron capture on nuclei and free protons, along with their inverse processes, and conservative scattering of neutrinos on nucleons and conservative coherent scattering of neutrinos on nuclei. We focus on the infall phase and therefore include only electron neutrinos. Our opacities are from Bruenn (1985) , and we use the Cooperstein (1985) equation of state for subnuclear densities. For supernuclear densities we use the parametrized equation of state of Baron, Cooperstein, and Kahana (Baron et al. 1985) . Our collapses begin with a Nomoto{ Hashimoto (1988) presupernova con guration with a core mass of 1:17M . Details of the nite di erence equations on which our code is built are given elsewhere (Mezzacappa and Bruenn 1992a) .
Partial Di erential Equations
We begin with the Newtonian gravity, O(v=c) Lagrangian hydrodynamics equations (Mihalas and Mihalas 1984 
The quantities 0 , , v, and P are the uid rest-mass density, speci c internal energy, velocity, and pressure, respectively. Equation (1) is the density equation. It is solved for the density, 0 , given a change in an in nitesimal uid volume, dV = 4 r 2 dr, containing a constant mass, dm. Equation (2) is the speci c internal energy equation. The rst term is the change in the speci c internal energy due to the PdV work done on the uid as it is compressed. In the velocity equation, equation (3), the rst term is the gravitational acceleration and the second term is the uid acceleration due to the uid pressure gradient. The terms in equations (2) This form for the arti cial viscosity guarantees that the arti cial viscosity does not contribute to the total energy of the uid if the viscous pressure is zero at the bounding surfaces. The viscous pressure, Q, is taken from Schulz (1964) .
Equations (1) to (3) are Lagrangian in two senses: (1) all physical quantities, namely 0 , , and P (and 0 , E 0 , j,~ , R IS , and f, all of which we will de ne shortly), are measured in the frame of reference instantaneously comoving with the uid, and (2) all quantities are functions of the Lagrangian mass coordinate, m, and time, t, including the Eulerian radial coordinate, r.
The last term in the speci c internal energy equation is the energy exchange between the uid and the neutrino radiation eld via emission and absorption of neutrinos by nucleons and nuclei. Speci cally we have electron capture on protons, producing electron neutrinos, e , and neutrons, n, and the inverse process, electron-neutrino absorption on neutrons:
e ? + p * ) e + n
We also have electron capture on nuclei and the inverse process, electron-neutrino absorption on nuclei:
e ? + M(Z; N) * ) e + M(Z ? 1; N + 1)
In equation (8), Z and N are the proton and neutron numbers, respectively, for the nucleus M. The integrand in equation (2) contains the neutrino emissivity, j, the neutrino opacity,~ , and the neutrino distribution function, f. The neutrino opacity,~ , is corrected for stimulated absorption:
Local thermodynamic equilibrium is assumed for the uid. If we substitute f eq for f in equation (9), where f eq is a neutrino distribution equilibrated with the matter, we get j ? f eq = 0; so j and~ are related by j~ = f eq = 1 e (E 0 ? )=T + 1 (10)
The right-hand side of equation (10) is the equilibrated neutrino distribution function. From equations (7) and (8) 
where e , p , and n are the electron, proton, and neutron chemical potentials, respectively. To parameterize the neutrino 3-momentum, we use spherical momentum coordinates p = E 0 =c, 0 , and 0 . The quantity E 0 is the neutrino energy. The momentum-space angles are shown in Figure 1 . In equations (2) and (3), 0 cos 0 . The advantage of this parameterization is that in spherical symmetry the neutrino distribution function, f, is only a function of E 0 and 0 , not of 0 .
The last two terms in the velocity equation are the neutrino stress terms. The total opacity, T , is the sum of the absorption and scattering opacities:
where the scattering opacity, S , is de ned by
In equation (13) 
where Y L is the total lepton fraction:
In equation (17) 
where N e and N e are the electron and electron-neutrino number uxes, respectively. In equation (18) 
where n e , n e , and n B are the electron (strictly speaking, the electron minus positron), electron-neutrino, and baryon number densities, respectively. The electron-neutrino number density is given in terms of the electron-neutrino distribution function by n e = 2 h 3 c 3
The electron-neutrino distribution function is evolved using the O(v=c) Boltzmann equation (Castor 1972; Bruenn 1985 
Neutrino-electron scattering will be included in a subsequent publication (Mezzacappa and Bruenn 1992b) . The \speci c" distribution function, F, is de ned by F = f= 0 . The mass derivative term on the left-hand side of the Boltzmann equation describes the propagation of neutrinos with respect to the Lagrangian mass coordinate, m. Outwardly propagating neutrinos have 0 > 0, whereas inwardly propagating neutrinos have 0 < 0. The rst -derivative term describes the rate of change of the neutrino propagation direction with respect to the outward radial direction as the neutrino propagates inward or outward in mass. The second -derivative term describes the aberration in the neutrino propagation direction due to the motion of the uid. The energy-derivative term describes the shift in the neutrino energy due to the motion of the uid. On the right-hand side of equation (23), the rst two terms describe the change in the neutrino distribution function due to the absorption and emission of neutrinos by nucleons and nuclei, as given by equations (7) and (8). The last two terms describe the conservative inscattering and outscattering, respectively, of neutrinos by nucleons and nuclei, as given by equations (14) 
From equations (17) to (19) and (24), we then obtain an equation for the change in the uid (28) In equations (27) and (28), G F = 8:957 10 ?44 MeV cm 3 is Fermi's constant, g V = 1:0 and g A = 1:23 are form factors resulting from virtual strong interaction processes, and M e = :511 MeV is the electron rest energy. The neutrino emissivities, j nucleon and j nuclear , are derived under the assumptions that no momentum is transferred between the neutrinos and the nucleons and that the nucleons are nonrelativistic.
In equation (27), Q = 1:2935 MeV is the di erence between the neutron and proton rest energies. The factor pn takes into account the nucleon nal-state blocking and is equal to n p , the proton number density, when the nucleons are nondegenerate. It is de ned by
where X n and X p are the neutron and proton fractions, respectively; 0 n and 0 p are the neutron and proton chemical potentials ( the zero superscript denotes a chemical potential that does not include the rest-energy of the particle), respectively; and T is the uid temperature. In equations (27) and (28) 
and
(1 + cos ) e ?4bE 2
In equations (33) to (36), cos is the cosine of the relative angle between the incoming neutrino ( 0 ) and the outgoing neutrino ( 0 0 ) directions. Similarly, is the relative azimuthal angle between the two neutrino directions.
The kernel, equation (35), is derived under the assumptions that (1) there is zero momentum transfer between the neutrinos and the nucleons and (2) where n p and n n are the proton and neutron number densities, respectively. For degenerate, nonrelativistic nucleons we have instead
where p F and n F are the proton and neutron Fermi energies, respectively. The latter are given by 
We nd that the derivatives in equations (37) and (38) are subject to error when evaluated numerically. To ensure that the correct nondegenerate and degenerate limits are correctly attained, we use instead the following analytic interpolation formula:
The constants in equation (35) (36), is derived under the following assumptions: (1) no momentum is transfered between the neutrino and the nucleus, (2) the nucleus is nonrelativistic, and ( 
The integrals over can be done analytically using (Gradshteyn and Ryzhik 1980) 3 Core Pro les and Discussion
In this section, in addition to presenting (1) the results obtained with our Boltzmann code, (2) the results obtained with Bruenn's multigroup ux-limited di usion code, and (3) a comparison between the two, we include discussions and \support" graphs (plotted from data obtained with Bruenn's code) that we hope will explain the basic features seen in each of our \primary" graphs. In each primary graph the results from the Boltzmann code and the results from Bruenn's code are both plotted for the central densities c = 1 10 11?14 gcm ?3 . All of our results were obtained using 102 mass shells to resolve the Nomoto{Hashimoto iron core; 4-point Gaussian quadrature to resolve the neutrino angular distribution (for the Boltzmann code); and 12 geometrically spaced energy zones to span the neutrino energy range between 5 and 226 MeV (when noted, 8-and 16-point Gaussian quadrature was used, and 20 energy zones were used to span the same energy range).
Hydrodynamics
In Figure 3 we graph the infall velocity as a function of core radius. The infall velocity is plotted together with the sound speed. The velocity pro les obtained with the two transport codes are coincident throughout the core at the central densities 1 10 12?14 gcm ?3 . At c = 1 10 11 gcm ?3 , the velocity pro le obtained with the Boltzmann code shows some transient behavior near the center of the core, which dies out as the core collapses to higher densities. We believe that this transient arises from small perturbations in the initial model, which is very near hydrostatic equilibrium. In fact, we nd that small changes in the initial model can actually prevent the core from collapsing.
For homologous collapse v(m; t)=r(m; t) = ? (t)
where (t) is a function of time only. In the homologous case, if we were to plot log 10 (jvj) versus log 10 (r), we would get a linear graph with unit slope and a log 10 (jvj) intercept equal to log 10 ( (t)), which is time dependent. In Figure 3 the homology of the subsonic \inner" core is evident at all values of the central density in the results obtained with both codes. The lines remain parallel during collapse, with unit slope, while the log 10 (jvj) intercept changes with time. The magnitude of the velocity increases with radius until a maximum value is reached just beyond the sonic point. At that point the homology breaks down and the magnitude of the velocity falls o with radius with a free-fall{like velocity pro le. In Figure 4 the core density pro les are plotted as a function of mass. The pro les obtained with both codes are coincident throughout the core at all values of the central density. The homology of the inner core is again evident in the density pro les. For homologous collapse the time evolution of the density is given by
If we combine equations (54) and (55), we obtain
Equation (56) (58) we see that the gradient of log( 0 ) with respect to m is preserved for homologous collapse. This is evident in Figure 4 for the inner homologously collapsing core. As the collapse proceeds, the pro les are simply shifted upward to higher densities, but the slope of the inner pro les remains the same. We also note that the density near the edge of the core changes very little during collapse, while the density at the center increases by four orders of magnitude. To understand this we simply need to consider the implications of the core velocity pro les in Figure 3 . It is clear from the velocity fallo in the \outer" core that the inner core will fall away from the outer core during collapse; i.e., the inner core will collapse faster and achieve higher densities at any given time during the collapse.
Deleptonization
During the initial phase of core collapse, the core is deleptonized as the electron-neutrinos produced by electron capture on free protons and protons bound in nuclei escape. As the collapse proceeds, increasing neutrino mean energies and increasing matter densities cause the neutrino mean free paths to decrease rapidly. Eventually the Eulerian trapping density is reached, which is de ned as the density at which the neutrino drift velocity (i.e., the mean outward neutrino di usion velocity) equals the inward matter velocity. The neutrino drift velocity is de ned by
where N e is the electron-neutrino number ux and n e is the electron-neutrino number density. At higher densities neutrinos move inward with respect to the Eulerian coordinate r. However, deleptonization continues as the neutrinos di use outward relative to m. Eventually the neutrino mean free paths become su ciently small that signi cant di usion no longer occurs, and at this point deleptonization ceases.
This general behavior is evident in Figure 6 , where we plot the lepton fraction Y L as a function of density for mass shells centered at m = 0:008M , 0:296M , and 0:712M . For the mass shells at m = 0:008M and m = 0:296M , there is a di erence in the nal lepton fraction obtained with the two codes. The Boltzmann code computes a slightly lower lepton fraction for both mass shells.
The Eulerian trapping densities for the three mass shells are 7:5 10 11 gcm ?3 , 6 10 11 gcm ?3 , and 4 10 11 gcm ?3 , respectively. Figure 6 shows that each mass shell continues to deleptonize until a density at least an order of magnitude greater than its Eulerian trapping density is reached. This runs counter to the idea that the rapid decrease of the neutrino mean free paths with increasing density and mean neutrino energy will turn neutrino di usion o very quickly above the Eulerian trapping density. The reason for this discrepancy is that the latter argument was formulated with a degenerate Fermi{Dirac neutrino distribution in mind, where di usion proceeds only near the Fermi surface. In the present case, because we neglect nonisoenergetic neutrino scattering processes, many of the states below the Fermi surface remain un lled until quite late in the collapse (see Figure 25 ), being lled only by direct emission into the state. Therefore negative radial gradients in the neutrino number exist at energies well below the Fermi energy, and, as a result, signi cant neutrino di usion occurs at these energies.
In Figure 7 we plot Y L as a function of mass. The di erence in Y L in the outermost region of the core at c = 1 10 13?14 gcm ?3 arises from a di erence in the electron-neutrino fraction in this region of the core (see Figure 11 and the discussion thereafter). For multigroup uxlimited di usion we have also included a run with electron capture on nuclei turned o so that its role in the deleptonization of the core could be separated out.
The Y L pro les depend on the electron capture rate, the collapse rate, and the neutrino transport. For example, the attening of the Y L pro le at c > 1 10 12 gcm ?3 for m < 0:7M results from a competition between these three e ects. First, the density e-folding rate at a given density increases during collapse (Van Riper and Lattimer 1981) . This is evident in Figure 8 , where we plot the density e-folding rate versus density for four stages in the collapse. A mass shell at a larger m will achieve a given density at a later stage and, according to Figure 8 , will have a greater density e-folding rate when it does. Thus mass shells farther out in the core spend less time near the trapping density, where electron capture and the accompanying neutrino escape are most rapid. All other things being equal, this would tend to decrease the deleptonization at larger m. Second, the free proton fraction at a given density also increases during collapse. This is evident in Figure 9 , where we plot the free proton fraction as a function of density for the same four stages in the collapse. This increase in the free proton fraction at a given density during the collapse is mainly a consequence of the outward increase in entropy of the precollapse model (see Figure 2) . Again, because a mass shell at a larger m will achieve a given density at a later stage, according to Figure 9 it will have a greater free proton mass fraction when it does. This would tend to increase the deleptonization at larger m. In addition, electron capture on nuclei turns o sooner for smaller m. In the central region of the core the entropies are lower and hence the nuclei are larger, so nuclear capture turns o quickly after the onset of collapse (nuclear capture turns o at N > 40). This is evident in Figure 7 . This would tend to increase the deleptonization at larger m, where nuclear capture is still operative. Third, neutrinos propagate out from the center of the core, some of which get trapped at larger m. This e ect has a tendency to decrease the deleptonization with increasing m. Fourth, as the collapse proceeds, the Eulerian trapping density shifts toward lower densities. In Figure 10 A lower Eulerian trapping density would obviously tend to reduce the deleptonization of a given mass shell.
The dependence of electron capture on the collapse rate and the free proton fraction can be made explicit. We begin with the electron capture rate derived by Bruenn (1985) : and is the ratio of the free-fall compression rate to the actual compression rate. If we divide equation (60) 
The integral in equation (64) is evaluated at the trapping density, where most of the electron capture takes place. In equation (64) Figure 18 ) and the increase in Y e beyond m 1:0M (see Figure 11) . Between m 0:7M and m 1:0M , Y e increases from its deleptonized value of 0:32 to its precollapse value of 0:47. Beyond m 1:0M , electron capture rates remain too small to cause any signi cant change in Y e during collapse.
Electron-Neutrino Fraction
In Figure 11 we plot the electron-neutrino fraction as a function of mass. For the Boltzmann code the results from 4-point (S 4 ), 8-point (S 8 ), and 16-point Gaussian quadrature (S 16 ) are shown.
Neutrino-matter equilibraton is characterized typically by Y e Y e =5. The factor of 1=5 arises because electrons, owing to their spin degree of freedom, have twice the statistical weight of neutrinos and because e = e ?^ , which means that a degenerate neutrino distribution will have a lower Fermi energy than the electron distribution with which it is equilibrated. Since Y e 0:5 initially, Y e 0:1 when equilibration occurs. Any deleptonization before neutrino trapping will reduce Y e below its initial value and therefore reduce Y e below 0:1. This is why Y e is small ( 0:07) for m < 0:7M . Between m 0:7M and m 1:0M , the number of neutrinos produced by electron captures declines rapidly with m (see Figure 18 ). Therefore Y e decreases with m in this region. Above m = 1:0M , neutrinos are not produced by electron capture in signi cant numbers. This is evident in the Y e pro les for m > 1:0M (see Figure 18) . Any neutrino population in this region is from neutrinos that have emerged from the inner core. Because the density falls o faster than 1=r 
we determine that the di erence between n Boltzmann(S 16 ) e and n MGFLD e is 12 percent at this mass.
These results indicate that there are real and signi cant di erences in the neutrino number densities and fractions computed by Boltzmann transport and ux-limited di usion in the outer core, where the density, and hence the opacities, fall o rapidly, that do not result from truncation errors in the nite di erence scheme but rather from the di erent treatment of the neutrino transport.
For c = 1 10 14 gcm ?3 and 0 < m < 0:7M there are no di erences between any of the Boltzmann runs. The results have converged in this region of the core. The di usion results exhibit a 1 to 3 percent di erence from the Boltzmann results in this region of the core. Figures 11, 16 , and 17 also indicate the general trend for multigroup ux-limited di usion to overestimate the neutrino number density in the central high-density region of the core and to underestimate the neutrino number density in the outer low-density region of the core.
The oscillatory behavior in the Y e plateau at c = 1 10 14 gcm ?3 has to do with resolving the neutrino Fermi surface on a discrete energy grid. To understand this we begin with the electron-neutrino number density, which is de ned by equation (22) 
In equation (66), w j+1=2 are the weights corresponding to the discrete Gaussian quadratures, j+1=2 , E k+1=2 are the discrete neutrino energies, and E k+1=2 are the energy zone widths, all used in nite di erencing the neutrino Boltzmann equation. The index i + 1=2 is a discrete mass shell index. f i+1=2;j+1=2;k+1=2 is the value of the neutrino distribution for the mass shell m i+1=2 , direction cosine j+1=2 , and energy E k+1=2 . We use imax ? 1 mass shells, jmax angular quadratures, and kmax energies. Further details regarding the nite di erencing of the neutrino Boltzmann equation are given in Mezzacappa and Bruenn (1992a) .
For simplicity, rst consider the completely degenerate (T = 0) case, which corresponds to an in nitely sharp neutrino Fermi surface. Let this surface be in the energy zone whose center is at the energy E k F S +1=2 . Then (n e ) i+1=2 = 4 (hc)
Thus as the Fermi surface passes through the zone center there is a discontinuous change in n e . If we move out in m, the neutrino Fermi surface moves toward lower energies. For some mass shell the surface will cross an energy zone center and there will be a sudden decrease in n e there. We divide n e by n B , the baryon number density, to obtain Y e . Thus at a given baryon number density, Y e decreases as a result of the decrease in n e . However, because the baryon number density decreases with increasing mass, Y e begins to increase after its initial drop until the neutrino Fermi surface falls below a second discrete high-energy zone center, at which point Y e drops again and the pattern repeats itself. For nite temperatures this pattern will be smooth. See Figure 12 for an illustration of this discussion. In the inner core the dips in Y e are correlated with the points where the neutrino Fermi energy,
e , drops below each neutrino energy zone. (We will de ne (eq) e in the next section.) The neutrino energy zones are represented by the horizontal lines.
Because Y L is constant for 0 < m < 0:7M , if Y e exhibits oscillatory behavior at c = 1 10 14 gcm ?3 , Y e will exhibit oscillatory behavior at the same density in this region of the core. This is evident in Figure 18 . Note that the oscillatory behavior in Figures 11 and 18 at c = 1 10 14 gcm ?3 is not evident at earlier times in the collapse ( c = 1 10 11?13 gcm ?3 ) because the phase space associated with lower-energy bins is not large enough. It is only when we populate the high-energy bins, which account for signi cant phase space, that this pattern emerges.
In Figures 13 and 19 we plot Y e and Y e as a function of mass at c = 1 10 14 gcm ?3 . The results plotted in these graphs, obtained with the Boltzmann (with 4-point Gaussian quadrature) and multigroup ux-limited di usion codes, were obtained using 20 energy zones rather than 12, spanning the same range in energy. It is clear that the oscillatory behavior has been eliminated because the phase space associated with any one energy zone has been reduced signi cantly.
Electron Capture
The electron fraction pro les are plotted in Figure 18 as a function of mass. The results obtained for the Y e pro les using the Boltzmann solver for the neutrino transport agree remarkably well throughout the core and for all values of the central density with the results obtained using the multigroup ux-limited di usion approximation. Even ne features in the Y e pro les are matched as we move out in mass from the center of the core.
At c = 1 10 14 gcm ?3 , a plateau forms in the Y e pro le. The plateau in Y e extends from m = 0 out to m 0:7M . In Figure 20 we plot the matter temperature and the neutrino \temperature," T e , as a function of mass for c = 1 10 13 gcm ?3 and c = 1 10 14 gcm ?3 . In Figure 22 the neutrino \chemical potential," e , is plotted with The last proportionality in equation (71) follows from the fact that the electrons are relativistic and degenerate also. If we divide n e and n e by n B , the baryon number density, equation (71) The kinks in the initial Y e pro le result from shell e ects in the presupernova evolution. The rst kink occurs at m 0:66M , and the second at m 0:88M . These kinks are matched by jumps in the entropy pro les for the same values of m (see Figure 24 ). There is a signi cant decrease in the total electron capture rate as we move out in mass from one side of each kink to the other. If this persists, the kinks are smoothed out because there is more electron capture on the side of the kink with the larger value of Y e . The decrease in the total electron capture rate is primarily due to a decrease in the nuclear capture rate. For the kink at m 0:66M , nuclear capture shuts o early because N > 40. When it shuts o , the capture rate is determined by proton capture, which does not show this marked decrease across the kink. As a result the kink persists throughout the collapse. This is not true for the kink at m 0:88M . Here nuclear capture does not shut o as early and the decrease in the total capture rate across the kink persists long enough for the kink to be smoothed out.
Entropy
In Figure 24 we plot the core entropy pro les as a function of mass. The equation governing the time rate of change of the matter entropy in the core during collapse is (Bruenn 1985) T 
The change in entropy results from the change in the matter internal energy due to the absorption or emission of neutrinos and from the change in the number of matter particles due to these processes. Whether the net e ect is to increase or decrease the entropy depends on the competition between the two e ects. If 0 > ( e ) effective , there is an increase in entropy. On the other hand, if 0 < ( e ) effective , the entropy will decrease.
If the neutrinos escape from the core after they are produced, absorption is unimportant. In this case ( e ) effective = ( e ) emission . For electron capture on free protons, ( e ) emission = 5 e =6, neglecting the neutron-proton mass di erence. Equation (80) (80) matter equilibration is approached, the electron capture and neutrino absorption rates come into balance because (1) the electron capture rates decrease as neutrino nal states become populated and (2) the inverse neutrino absorption rates increase because of holes created in the electron sea.
In Figure 25 we plot 0 , which is de ned by
and eq 0 , which is de ned by
as a function of neutrino energy for mass shells centered at m = 0:001M , m = 0:296M , and m = 0:712M . It is evident for all three shells that the neutrino phase space is continually lled by electron capture as the collapse proceeds. It is instructive to express the time rate of change of the entropy, equation (80), as a sum over contributions from each neutrino energy group. We begin with equation (72) 
The rst term in equation (85) 
In Figures 26 to 28 , for each neutrino energy group we plot ds=d log( 0 ) versus log( 0 ) for three mass shells in the iron core. During collapse the total change in the entropy for each shell resulting from the absorption and emission of neutrinos of a particular energy is simply the area under the curve corresponding to that energy group.
Consider the core center ( Figure 26 ) and the contribution to the entropy change from the emission and absorption of 40 MeV neutrinos. The threshold for their production occurs when the density is high enough such that e = 40 MeV . In Figure 26 an arrow indicates the density at which this occurs. Below threshold, 40 MeV neutrinos cannot be produced directly, and the only contribution to the entropy change is from the absorption of 40 MeV neutrinos that result when the energy of lower-energy neutrinos is increased by compression from infall. Because E 0 > e below threshold, equation (87) indicates that the contribution to the entropy change from the absorption of 40 MeV neutrinos is positive. This is evident in Figure 26 . At threshold, e = 40 MeV . From equations (86) and (87) it is evident that the contribution from absorption is still positive but that the contribution from emission is negative. Emission dominates because there are few neutrinos to absorb, and once threshold is reached copious production of 40 MeV neutrinos begins. As a result, ds=d log( 0 ) becomes negative. Eventually, as e ?^ increases with increasing density, the contribution from emission becomes positive. This is also evident in Figure 26 . As the density increases further, ds=d log( 0 ) ! 0 because of matter{neutrino equilibration. This is the general trend exhibited by all of the energy groups, for all three mass shells. As we go farther out in the core (see Figure 28) , the contribution from the absorption of high-energy neutrinos below threshold, which propagate out from the center of the core, is evident. In general, neutrino absorption and emission in the mass range 0 < m < 1:0M conspire to give an overall change in entropy during collapse that is independent of m (see Figure 24 ).
Neutrino Stress
In Figures 29 to 32 we plot the neutrino stress versus radius. The most important feature in all four graphs is the 1=r 2 fallo in the neutrino stress in the outer part of the core, which is obtained by both codes. This is accomplished numerically by choosing the correct form for the neutrino stress in the radiation hydrodynamics equations. In principle the neutrino stress
will vanish in the free-streaming limit, where P R = E R = 1=r 2 . To see why this cannot be achieved on a discrete angular grid, we rst write the ratio P R =E R in terms of the neutrino distribution function:
If the neutrino direction cosines are represented by jmax discrete values j+1=2 , with jmax being the largest, the maximum value of the ratio in equation (89) Thus on a discrete angular grid it is impossible to have P R = E R , and the neutrino stress, expression (88), can never vanish. On the other hand, if the neutrino stress is written as in equation (3), it involves only the rst moment of the neutrino distribution function (as we will show below), and the correct 1=r 2 fallo is obtained as a consequence of the conservative nature of the nite di erence scheme (the neutrino ux necessarily falls o as 1=r
We can rewrite the neutrino stress in equation (3) 
The second term in equation (91) is the contribution to the neutrino stress from outscattering, and the third is from inscattering. In nite di erence form, equation (91) 
In a free-streaming region the radiation eld will be very forward peaked. On a discrete angular grid we represent this as f = 
We will write equation (94) in terms of the rst moment of the radiation eld, which is de ned by
In nite di erence form the rst moment is written as 1 i+1=2;k+1=2 = 1 2 jmax X j=1 w j+1=2 j+1=2 f i+1=2;j+1=2;k+1=2 (96)
In the limit, equation (93), the rst moment becomes 1 i+1=2;k+1=2 = 1 2 w jmax+1=2 jmax+1=2 f 0 (97) Therefore in this limit the neutrino stress, expression (94) Equation (98) involves only the rst moment of the radiation eld.
In Figures 29 to 32 we also plot the sum of the gravitational stress and the uid pressure gradient (we will denote this sum below as the total hydrodynamic stress). At c = 1 10 11 gcm ?3 , it is clear that the neutrino stress is orders of magnitude smaller than the hydrodynamic stress throughout the core. However, at c = 1 10 12 gcm ?3 , the neutrino stress dominates the hydrodynamic stress at the very center of the core, but our data show that it is 2:393 10 2 times smaller at the edge of the core. For c = 1 10 13 gcm ?3 and c = 1 10 14 gcm ?3 , the neutrino stress is comparable in the inner core to the hydrodynamic stress but is 9:639 10 1 and 6:366 10 1 times smaller, respectively, at the edge of the core.
Average Neutrino Energy
In Figure 34 we plot the average neutrino energy as a function of radius. The average neutrino energy is de ned by
For c = 1 10 12?14 gcm ?3 , the results obtained with both codes are coincident throughout most of the core, di ering by at most 1MeV in the outer core.
Before neutrino trapping, the neutrinos produced by electron capture on free protons are produced with an average energy of 5 e =6. After trapping, electron capture proceeds at lower energies relative to the electron Fermi surface because the neutrino states near this surface are lled. However, the electron Fermi surface and the energy of the trapped neutrinos both increase during infall because of compression. This is particularly evident in Figure 34 
In equation (100) we set f 1 for E 0 < e and f 0 for E 0 > e (see Figure 25 ).
Thus the average neutrino energy increases as the cube root of the density. According to equation (101), the average neutrino energy should increase by 10 1=3 2:154 between c = 1 10 13 gcm ?3 and c = 1 10 14 gcm ?3 , and in fact from our data we see that the average neutrino energy has increased by 96:398=44:208 2:181.
In the outer core the average neutrino energy is independent of r because high-energy neutrinos are no longer produced and the spectrum of the neutrinos emerging from the inner core is preserved as they free stream toward the core edge. From Figures 34 and 35 it is evident that at all values of the central density, the radius at which the average neutrino energy becomes independent of r is correlated with the radius at which the luminosity becomes approximately independent of r, which is indicative of a region in which the neutrinos are free streaming.
Neutrino Luminosity
In Figure 35 we plot the core luminosity pro le as a function of radius. The luminosity is de ned by L(r) 8 
The luminosity increases with radius as more of the neutrino source is enclosed. However, at all values of the central density the luminosity is approximately independent of r in the outer region of the core because the neutrinos are free streaming there. The most pronounced di erence between the luminosity pro les obtained with the two transport codes occurs in the central region of the core at c = 1 10 14 gcm ?3 . This is a numerical e ect. For a complete discussion of this point and a detailed comparison of the luminosities computed by the two transport codes, we refer the reader to Mezzacappa and Bruenn (1992b) .]
The oscillatory behavior in the luminosity at c = 1 10 14 gcm ?3 between r 10 km and r 20 km is a consequence of the discrete energy zoning at high neutrino energies. At this density and in this region of the core, the neutrinos are equilibrated with the matter.
Thus e = e ?^ . As we move out in r, e decreases. As e passes through a high-energy zone center there is a signi cant decrease in the neutrino luminosity because of the large phase space associated with that energy zone. (See eqs. 66] and 67] and the discussion for Figure 11 . Also see Figure 12 .) As r increases beyond the point where e < E k 1 +1=2 , where k 1 is the energy zone index corresponding to the rst drop in the neutrino luminosity, the luminosity increases again because more of the neutrino source is included for those energy groups still contributing to the luminosity. Eventually e < E k 2 +1=2 and the luminosity dips again. This cycle continues until the neutrinos and the matter are no longer equilibrated and the neutrinos are no longer characterized by quantities characterizing the matter. The same pattern is exhibited by the neutrino stress in the same region of the core and at the same central density (see Figure 32 ). This is not surprising, because L = 4 r 2 F and the neutrino stress depends on the product T F, where T is the total opacity and F is the neutrino ux. In both cases the discrete zoning at high neutrino energies will a ect the neutrino ux. In Figures 33 and 36 we plot the neutrino stress and the neutrino luminosity, respectively, when the central density is c = 1 10 14 gcm ?3 . The results plotted in these graphs were obtained with 20 neutrino energy zones rather than 12, spanning the same energy range. It is evident that the oscillations in both cases disappear because the phase space associated with each energy zone has been reduced.
In Figure 37 we plot the luminosity spectrum at the iron core surface. The luminosity spectrum is de ned by In Figures 38 to 40 we plot the luminosity spectrum at the core surface for c = 1 10 12?14 gcm ?3 as computed by the Boltzmann code with 4-, 8-, and 16-point Gaussian quadrature and by the di usion code. We plot these results to demonstrate convergence and to demonstrate that the di erences between the Boltzmann and di usion results are not the result of truncation errors in the nite di erencing. It is obvious that the 4-, 8-, and 16-point quadrature runs have converged over the entire energy range and that the di erences between the di usion and Boltzmann results for neutrino energies above 14 MeV are real and signi cant.
Conclusion
We have successfully evolved the infall phase of a 1:17M iron core using a computer code that solves the Boltzmann equation for the neutrino transport. We solve the exact timedependent electron-neutrino Boltzmann equation{no approximations are made to the neutrino scattering kernels. For conservative scattering of electron-neutrinos on nucleons and coherent conservative scattering of electron-neutrinos on nuclei, the scattering kernels appropriate for spherically symmetric collapse can be determined analytically. For electronneutrino scattering on electrons, this cannot be done; instead, the scattering kernels must be determined by numerical integration (Mezzacappa and Bruenn, 1992b) .
In developing our Boltzmann solver for the collapse problem, we have achieved a number of technical successes pertaining to issues of radiation transport in hydrodynamic ows that are both optically thick and optically thin. First, the agreement between the results obtained with the Boltzmann code and Bruenn's ux-limited di usion code in regions of the core where the radiation eld is isotropic gives us con dence that we have successfully obtained the correct di usion limit as a limit of our solution of the Boltzmann equation in regions where the neutrino mean free paths are small compared with the radial zone widths. Second, we have obtained smooth, nonoscillatory solutions to the Boltzmann equation in the outer regions of the core, where the neutrino mean free paths are large compared with the radial zone widths. Achieving both of these goals simultaneously is a nontrivial problem to which considerable attention has been given in the transport literature (Lewis and Miller, 1984; Duderstadt and Martin, 1979) . Furthermore, in achieving these goals, we overcame di culties encountered in past attempts to solve the neutrino Boltzmann equation in stellar cores (Yueh and Buchler, 1977a,b) . Third, we have determined the form that must be used for the neutrino stress in order to obtain a 1=r 2 fallo in regions where the neutrinos are decoupling from the matter. This is important because arti cial momentum transfer between the infalling outer layers of matter and the outgoing neutrinos would arti cially a ect the turnaround and ejection of these outer layers. This point has also been emphasized by Baron et al. (1989) .
In addition, we have successfully developed and implemented numerical methods for neutrino angular aberration and frequency shift in collapsing cores. In particular, we have developed a nite di erence representation for the angular aberration term in the Boltzmann equation and we have generalized Bruenn's method for nite di erencing the frequency shift term. The latter method was designed to conserve neutrino number and energy, which is essential for core collapse.
We have presented the results obtained using our Boltzmann code together with the results obtained using Bruenn's multigroup ux-limited di usion code. In addition, where di erences were found, we used convergence testing to determine whether the di erences were due to the di erent treatments of the neutrino transport or to truncation errors in the nite di erencing. We nd little change in either the hydrodynamics or the thermodynamics of core collapse when Boltzmann transport is used rather than multigroup ux-limited di usion. The density, velocity, and entropy pro les at all times during the collapse, obtained with the ux-limited di usion code and our Boltzmann code, show good agreement throughout the core. This also holds for the electron fraction pro les. We note that until now it was not known whether the multigroup ux-limited di usion approximation would have an e ect on the core hydrodynamics and thermodynamics during collapse. Therefore, our results, which show that it does not, corroborate many of the results obtained in past simulations of core collapse that used this approximation.
We do nd signi cant di erences in core pro les that are more sensitive to the treatment of the neutrino transport. For example, in the outer core, where the radiation eld is approaching outward radial streaming, we nd that the electron-neutrino fraction and number density are underestimated by the ux-limited di usion code and we nd that, at the core edge, the di usion code underestimates the neutrino luminosity spectrum for neutrino energies above 14 MeV . We also nd signi cant di erences in the integrated luminosity in the outer core, but we defer a discussion of this point to our next paper (Mezzacappa and Bruenn 1992b) .
In the outer core, where the radiation eld is evolving from an isotropic distribution to a distribution that is forward peaked, convergence testing gives us con dence that we have obtained an accurate solution to the Boltzmann equation in this region. In a comparison with the Boltzmann solution, the multigroup ux-limited di usion code is not very accurate for quantities that are sensitive to the neutrino transport. Although di erences in the outer core during infall will not a ect the size of the inner homologous core at bounce or the depth of the bounce, and thus will not a ect where the shock will form or how much energy is imparted to it when it does, these di erences have implications for the shock evolution later on. If the neutrino number density and luminosity in the region behind the shock, which is a region where the neutrino distribution is becoming forward peaked, are incorrectly determined, the energy deposition behind the shock via neutrino absorption on nucleons will be incorrectly determined. (The neutrino heating rate per MeV is directly proportional to the neutrino number density per MeV and to the neutrino luminosity per MeV .) In turn, this will a ect the subsequent shock evolution as it tries to propagate out of the star. As we discussed in the introduction, (1) whether the shock is revived by neutrino absorption, (2) whether a radiation-pressure{dominated bubble forms between the neutrinospheres and the shock, (3) whether an entropy maximum forms in the bubble, (4) the location of the entropy maximum, and (5) the magnitude of the entropy gradient between the entropy maximum and the shock, which in turn a ects the convection, will all depend on the neutrino transport in the region behind the shock.
An important issue that we intend to address in a future report is why multigroup uxlimited di usion gives a di erent solution than Boltzmann transport for the radiation eld when the radiation eld is becoming forward peaked. In particular, why does the Boltzmann code give a harder electron-neutrino spectrum above 10 ? 20 MeV ? We nd that this di erence is even greater when neutrino-electron scattering is turned on (Mezzacappa and Bruenn 1992b) . What we also intend to address is the question of whether the multigroup ux-limited di usion solutions change signi cantly when di erent ux-limiters are used. Furthermore, if possible, we would like to ascertain a \preferred" ux-limiter to be used with Bruenn's multigroup ux-limited di usion code in order to better approximate our Boltzmann solutions. Janka has investigated these issues using Monte Carlo techniques (Janka 1992) . It is clear from his work that ux limiters in current use interpolate between di usion and free streaming with a distressing amount of latitude.
All currently used ux limiters su er from the problem of forcing free streaming when the opacity becomes small, even though geometrical considerations may prescribe a di erent behavior for the neutrino ow. During infall, the production of low-energy neutrinos occurs throughout much of the core, whereas the production of high-energy neutrinos is much more centrally con ned. Consequently, the high-energy neutrinos must pass through a much more extended scattering \atmosphere" before reaching their neutrinospheres. It is possible that the di erences we compute stem from the manner in which the ux limiter treats these two types of ow.
In addition, all multigroup ux-limited di usion approximations retain only the zeroth and perhaps the rst moments of the neutrino distribution and scattering kernels in the scattering terms in the multigroup ux-limited di usion transport equation. It is possible that the di erences we compute also stem from this truncation. The truncation would obviously a ect high neutrino energies di erently than low neutrino energies because the relative importance of the higher order moments would be di erent for the two.
Finally, in the multigroup ux-limited di usion approximation, the time derivative of the rst moment of the neutrino distribution is set to zero; therefore, the rst moment is forced to be given by the instantaneous gradient in the radiation energy density. Hence, it is possible that some of the di erences in the radiation eld computed by the two codes have a dynamic origin. In the analysis of these di erences, we therefore intend to include comparisons between solutions given by the two codes for both steady state and dynamic problems. Here it is important to note that our comparisons are made in dynamic media, whereas comparisons using Monte Carlo techniques are limited to static media and, consequently, di erences between multigroup ux-limited di usion and Boltzmann transport that have a dynamic origin are not seen.
In light of our results, we are anxious to move on to an investigation of these issues and to the late-time evolution. We will report soon on our infall results with neutrino-electron scattering included (Mezzacappa and Bruenn 1992b) . 
